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Abstract
We propose an intelligent simulation tool for the optimization of step sizes in manufacturing processes. We demonstrate the generic optimiza-
tion concept by application to the incremental hole drilling method using an Abaqus model. The universal approach can be transferred to other
simulation models such as machining or forming in order to reduce component distortions. The incremental hole drilling method is used for the
determination of residual stresses in the outer layers of a material. For the estimation of the measurement error, the method can be extended by
dividing the drilling into several steps in radial and depth direction (drilling strategy). In our approach, we divide the Abaqus model into multiple
time frames with a feedback control loop in a python framework. For each time frame, a drilling step in radial or depth direction is applied and
evaluated with respect to the strain diﬀerence to the previous time frame. If the obtained strain diﬀerence deceeds a selected value, the calculation
is repeated with an increased step size until the calculated strain diﬀerence meets the chosen criterion. Our results show that we can optimize
the step sizes in the hole drilling method in radial and depth direction with respect to the simulation data. The experimental validation of the
optimized simulation results is part of ongoing work. The optimization tool allows to evaluate and adapt single steps of given strategies or to plan
new strategies by given characteristics such as overall drilling radius and depth. The ﬂexible approach can be extended by integrating diﬀerent
optimization goals (e.g. minimizing / maximizing step sizes) and new drilling strategies.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of The International Scientiﬁc Committee of the “15th Conference on Modelling of Machining Operations”.
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1. Introduction
Process optimization comprises the systematic adaption of
parameters w.r.t. a desired result with least eﬀort. This concept
has been applied to the optimization of production processes,
e.g. the control of the blank holder force in deep drawing [1],
and can be transferred to measurement processes as well. The
incremental hole drilling method is a measurement method to
determine the residual stresses in the outer layer of a material by
drilling and measuring the material changes stepwise in radial
and depth direction. We propose an optimization framework
to determine the optimal step sizes by evaluating a minimum
strain criterion with an Abaqus model that can be related to
the minimal measurable strain in an experimental environment.
The optimization concept can be transferred to other simula-
tion models such as machining or forming to reduce compo-
nent distortions. The optimization reduces the simulation eﬀort
(computation time), since single steps are adapted instead of
executing all steps again. Furthermore, the experimental eﬀort
(personnel, material) is decreased, because only optimized sim-
ulation results have to be realized by experiments.
In the SIMULIA Abaqus Finite Element modeling software
package, there are optimization tools included for parametric
studies, design sensitivity analyses as well as for topology and
shape optimization [2]. There exist standard interfaces for op-
timizing Finite Element models at additional expenses:
• SIMULIADesignSight [3]: structure and thermal analyses
• SIMULIA Isight [4]: automate design exploration and op-
timization (Design of Experiments, optimization, approx-
imation by regression models)
• Altair HyperStudy [5]: multi-disciplinary design explo-
ration, study and optimization
• Altair OptiStruct [5]: optimization driven structural anal-
ysis
• Dynardo optiSLang [6]: integrable into ANSYS work-
bench, sensitivity analysis, optimization.
Structure optimization with Isight [7] has been used to de-
termine the static pressure loading on a ring-stiﬀened cylinder
by varying geometry and model thicknesses. Since Isight op-
timization processes might be too complicated for non-expert
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(optimization) users, [8] have improved the usability for non-
expert users to adapt given Isight processes (by initialization
and control ﬁles). [9] has proposed a custom-made optimiza-
tion module for shape optimization to minimize the von Mises
stress for an implant screw with geometric design variables us-
ing a Genetic Algorithm.
In contrast to the standard interfaces, we provide a custom-
made solution that can be applied to an arbitrary problem with-
out being limited to structure, topology or shape optimization.
We combine material modeling and optimization knowledge by
a direct coupling of the optimization algorithm with the simula-
tion model in a python framework. We use process optimization
for the incremental hole drilling method to adapt the step sizes
in radial and depth direction such that a minimum strain limit
is not undershot. Therefore, we divide the Abaqus model into
multiple time frames with a feedback control loop.
Our python framework is transparent and comprehensible
compared to the standard interfaces for optimization that can
only be used as black box tools. It provides a high ﬂexibil-
ity in terms of integrating arbitrary algorithms (not limited to
the ones implemented in standard interfaces) and applications
to other simulation models. For this purpose, however, both
optimization and material modeling knowledge is required.
This paper is structured as follows: Section 2 contains the
description of the material model, Section 3 introduces the op-
timization framework. The results for diﬀerent scenarios are
presented and discussed in Section 4. Conclusions are drawn in
Section 5.
2. Material Model
The intelligent simulation is used to optimize the process of
measuring residual stresses in the outer layers of metallic com-
ponents with the ”Hole-Drilling Strain-Gage Method” which is
standardized in [10] and extended in [11].
Residual stresses act inside of a material independent of any
external loading. They can arise from manufacturing, joining,
surface and heat treatment processes as well as in the operation
of components. The residual stresses are in balance inside of
the material, so in most times beneﬁcial pressure stresses are
in interaction with tensile stresses which have the potential to
lower the mechanical properties of the components.
The residual stresses in the outer layers can be acquired by
drilling a small hole into the material. This leads to a straining
of the material in the vicinity of the drilled hole [12]. These
strains have to be measured in at least three directions, e.g. us-
ing special hole drilling strain gage rosettes, which are glued
onto the component of interest [13]. From the measured strains,
the residual stress state in the material before the drilling oper-
ation can be calculated by inverse methods [14,15].
The gradient of the residual stresses can also be accessed
when the drilling of the hole is subdivided into small steps (in
depth direction), with a calculation of the residual stresses for
all these steps. As a new technique presented in [11], these
steps can also be divided into lateral sub-steps (in radial direc-
tion) by diﬀerent drilling strategies as shown in Figure 1 (left).
The released strains are then recorded multiple times for every
depth step and therefore error bars of the measured stresses (see
Figure 1 right) can be evaluated. This enables a quantitative
evaluation of the measurement accuracy.
For the evaluation of the optimization framework, the mul-
tiple incremental hole drilling method is applied to a ﬁne grain
steel of type S690QL with a thickness of 8 mm. A biaxial ten-
sile testing specimen as shown in Figure 2 (right) is clamped
in a testing machine to enforce a known stress state inside of
the material. The residual stresses are measured as described
in [10] with the extension of [11] using drilling strategy 1 of
Figure 1 (ﬁrst in radial direction and then in depth direction).
Since the multiple drilling procedure of subdividing steps in
depth and radial direction is very time consuming in an exper-
imental environment, an intelligent simulation that allows an
optimization of the given standard drilling strategy with con-
stant steps in radial and depth direction is provided. Before a
strategy is realized experimentally, its steps are optimized using
a Finite Element model of the drilling process as stated in [16]
within the proposed optimization framework.
In the simulation, we apply an external load of 300 MPa
in length direction (x) and of 100 MPa in perpendicular direc-
tion (y) of the specimen. The steel is assumed to be homo-
geneous and isotropic with mechanical properties of the speci-
mens materials data sheet. Figure 2 (left) shows the Finite El-
ement model of a hole drilling simulation. The elements that
correspond to removed material in the real process are modeled
by reducing their stiﬀness to a factor of 10−6 of the original
Young’s modulus. In Figure 2 (left) the respective elements of
a fully drilled hole are shown in red color. The density of the el-
ements is very ﬁne in this region to allow freely chosen removal
of elements and therefore variable hole drilling diameters and
depth as a result of the optimization procedure. In Figure 2
(left) the strain gage rosettes surrounding the drilled hole are
illustrated in the Finite Element model. We have deﬁned three
node sets SG1, SG2 and SG3 that correspond to the location of
the strain gages at the real component. The optimization vari-
able in the intelligent simulation is the strain at the location of
SG3 corresponding to the experimental measurement variable.
3. Optimization Framework
The optimization framework is realized in the python pro-
gramming language for which Abaqus provides an Application
Programming Interface [17] to access result data (*.odb ﬁles).
We divide the Abaqus drilling model into separate time frames
with a feedback control loop for each single step. For each
time frame, a drilling step in radial dr or depth dd direction is
performed. The calculation of the current step is repeated (if
necessary) with an increased step size until the calculated strain
diﬀerence meets a given minimum limit δmin. A drilling strat-
egy corresponds to multiple steps in radial and depth direction
as depicted for an example in Figure 3. The drilling strategy
is adapted as follows: for the ﬁrst step in a new row (0, 4, 7,
10, 13), the size is increased in depth direction while the size
is increased in radial direction for all other cases. There exist
two ﬁles for the drilling strategy: (i) the given one sg and (ii)
the optimized one so.
The optimization process ﬂow is outlined in Figure 4. For
each time step, the following actions are executed:
• create
• execute
• adapt (if necessary).
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Fig. 1. (a) Multiple hole drilling strategies (b) Evaluation of error bars in the multiple hole drilling method
Fig. 2. (a) Finite Element model of the hole drilling process (b) Biaxial tensile testing specimen
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Fig. 3. Adaption of given drilling strategy
When the processing of the current step is ﬁnished (no fur-
ther adaption necessary), our algorithm proceeds with the next
step while there exists one. A maximum limit for the itera-
tion counter imax ensures that the overall optimization procedure
does not get stuck in a step that cannot meet the given optimiza-
tion criterion (minimum strain limit). The iteration counter is
evaluated for each try (increase of step size for each step). If
the maximum limit for the iteration counter is reached, the op-
timization is stopped.
Create step. First, the current step changes δdrt and δddt are
determined from the given drilling strategy sg:
δdrt = drt(sg) − drt−1(sg)
δddt = ddt(sg) − ddt−1(sg),
(1)
where t corresponds to the current step (time frame) and t − 1
to the previous step. The step change δdt (for both radial and
depth direction) is the diﬀerence between the current dt and the
previous step dt−1 of the given strategy sg. Then, the current
next step?
create step
execute step
step ok?
adapt step
yes
no
no
yes
Fig. 4. Optimization process ﬂow
step sizes are added to the optimized drilling strategy so:
drt(so) = drt−1(so) + δdrt
ddt(so) = ddt−1(so) + δddt,
(2)
where dt−1 (for both radial and depth direction) is the size of the
previous step of the optimized strategy so.
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Execute step. From the optimized drilling strategy so, the cur-
rent step changes δdrt and δddt are fetched and the correspond-
ing input ﬁle is created before the current step is executed in
Abaqus.
Adapt step. If the strain diﬀerence to the previous time frame
deceeds a given minimum limit (step ok = no in Figure 4),
the step size is adapted according to Figure 3 until the mini-
mum strain limit δmin (or the maximum iteration limit imax ) is
reached. Our algorithm increases the step size by multiplica-
tion with a constant factor (δ+ = 1.3) referring to Rprop [18] as
a simple and eﬃcient optimization algorithm:
δdrti+1 = drti · δ+
δddti+1 = ddti · δ+.
(3)
If the strain diﬀerence meets the minimum criterion (step ok =
yes in Figure 4), our algorithm proceeds with the next step.
Strain Evaluation. The strain is evaluated for the current time
step of the Abaqus simulation after each step execution (at the
location of the strain gage SG3 as described in Section 2). The
x-strain values of all nodes of SG3 are averaged to represent the
current strain value in the experimental procedure. The current
strain diﬀerence δt is calculated from the current strain value
t and the one obtained in the same way for the previous time
frame t−1:
δt = |t−1 − t | . (4)
4. Results
In order to show the feasibility of our optimization approach
for the incremental hole drilling simulation, we have selected
two scenarios for the adaption of the step size: (A) only in radial
direction (simple scenario, Section 4.1) and (B) in radial and
depth direction (extended scenario, Section 4.2). The drilling
strategy for the chosen scenarios consists of 16 steps (0...15) as
depicted in Figure 3. In general, a drilling strategy can have an
arbitrary number of steps in radial and depth direction (limited
to the feasible physical conditions). Besides the investigated
strategy of 16 steps, diﬀerent step numbers (e.g. 70 and 200)
have been tested. The optimization procedure is documented in
a log ﬁle (*.log), such that all the step size adaptations are repli-
cable. In addition to that, the given and optimized strategies are
stored for documentation.
4.1. Scenario A: Adaption in Radial Direction
The minimum strain limit δmin was set to value of 12 μm/m
for the simple scenario. Step 1 and 14 have been adapted in
the optimization procedure (increased once each). The results
for the optimized strategy so1 versus the given strategysg are
presented in Table 1. The adapted steps (1, 14) are marked in
red and the resulting shifted steps (2, 3, 15: due to previous step
adaption) are marked in blue.
4.2. Scenario B: Adaption in Radial and Depth Direction
For the extended scenario, a value of 13 μm/m was chosen
for the minimum strain limit δmin. Steps 1, 2, 11 and 14 have
Table 1. Given sg vs. optimized strategy so1
Step Given strategy sg Optimized strategy so1
(radial dr , depth dd) in mm (radial dr , depth dd) in mm
0 0.4500, 0.2000 0.4500, 0.2000
1 0.5667, 0.2000 0.6017, 0.2000
2 0.6833, 0.2000 0.7183, 0.2000
3 0.8000, 0.2000 0.8350, 0.2000
4 0.5667, 0.4000 0.5667, 0.4000
5 0.6833, 0.4000 0.6833, 0.4000
6 0.8000, 0.4000 0.8000, 0.4000
7 0.5667, 0.6000 0.5667, 0.6000
8 0.6833, 0.6000 0.6833, 0.6000
9 0.8000, 0.6000 0.8000, 0.6000
10 0.5667, 0.8000 0.5667, 0.8000
11 0.6833, 0.8000 0.6833, 0.8000
12 0.8000, 0.8000 0.8000, 0.8000
13 0.5667, 1.0000 0.5667, 1.0000
14 0.6833, 1.0000 0.7183, 1.0000
15 0.8000, 1.0000 0.8350, 1.0000
Table 2. Given sg vs. optimized strategy so2
Step Given strategy sg Optimized strategy so2
(radial dr , depth dd) in mm (radial dr , depth dd) in mm
0 0.4500, 0.2000 0.4500, 0.2000
1 0.5667, 0.2000 0.6017, 0.2000
2 0.6833, 0.2000 0.7533, 0.2000
3 0.8000, 0.2000 0.8700, 0.2000
4 0.5667, 0.4000 0.5667, 0.4000
5 0.6833, 0.4000 0.6833, 0.4000
6 0.8000, 0.4000 0.8000, 0.4000
7 0.5667, 0.6000 0.5667, 0.6000
8 0.6833, 0.6000 0.6833, 0.6000
9 0.8000, 0.6000 0.8000, 0.6000
10 0.5667, 0.8000 0.5667, 0.8000
11 0.6833, 0.8000 0.7183, 0.8000
12 0.8000, 0.8000 0.8350, 0.8000
13 0.5667, 1.0000 0.5667, 1.1380
14 0.6833, 1.0000 0.7183, 1.1380
15 0.8000, 1.0000 0.8350, 1.1380
been increased once while step 13 has been increased twice to
fulﬁll the optimization criterion. The results for the step adapta-
tions for the optimized strategy so2 versus the given strategysg
are outlined in Table 2. The increased steps are indicated by
red markings and the resulting step shifts (3, 12, 15) by blue
markings.
4.3. Discussion
The results for the optimized strategies so1 and so2 indi-
cate that the step sizes can be successfully increased such that
the minimum limit for the strain diﬀerence w.r.t. the previ-
ous step is satisﬁed. For experimental investigations, the mini-
mum strain limit can be set to the minimal measurable value of
the gage. Application-dependent boundary conditions could be
integrated to take into account thermo-mechanical phenomena
und additional strains induced by the drilling process.
Figure 5 illustrates the strain distribution in the direction of
strain gage 3 in the workpiece after step 15 for the given strat-
egy sg and the optimized strategies so1 and so2. The increase in
the step sizes does not lead to signiﬁcant changes in the strain
distribution of the ﬁnal drilling hole.
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Fig. 5. Strains in x direction E11 after step 15 with (a) given strategy sg (b) optimized strategy so1 (c) optimized strategy so2
Due to the increase of the step sizes, however, the cumu-
lative lengths in radial in depth direction exceed the maximal
radius and depth of the given strategy. If necessary, this can be
taken into consideration by decreasing steps such that the fea-
sible minimum strain limit is reached. An alternative method
might be the planning of a new strategy with variable step num-
ber instead of adapting a given strategy with ﬁxed step num-
bers. This could be realized by specifying the maximal radius
and depth in addition to a ﬁrst guess for the number of steps in
radial and depth direction and let the optimization framework
plan a strategy from that.
5. Conclusion
We have introduced an optimization framework for the adap-
tion of step sizes in manufacturing processes. We show the
feasibility of the universal concept by optimizing the step size
in radial and depth direction for an extended incremental hole
drilling method using an Abaqus model. The generic approach
can be applied to the optimization of step sizes in machining or
forming processes in order to reduce component distortions.
For the exempliﬁed drilling process, the optimization crite-
rion is the minimum limit for the strain diﬀerence (w.r.t. the pre-
vious step) that can be selected to represent the minimal mea-
surable value of the strain gage used for measurements in ex-
periments. Application-dependent boundary conditions for the
drilling process (e.g. thermo-mechanical phenomena) have to
be fulﬁlled. We have shown that the given drilling strategy can
be optimized successfully. The proposed optimization proce-
dure reduces the simulation runs and the resulting scenarios for
experimental validation. Ongoing work involves experimental
validation of the optimized simulation results. Future investiga-
tions include the autonomous planning of new strategies instead
of adapting given ones, resulting in an intelligent optimization
of the number of required hole drilling steps in the measure-
ment procedure. For the simulation, we further plan to apply
the strain evaluation at multiple locations (not limited to SG3)
and the direct evaluation of stress (including a suitable mini-
mum stress criterion) instead of strain.
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